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1 Introduction These last years, the aeronautic field is intensively looking for the mass reduction of planes to make them greener and more economical regarding fuel consumption. Their frame structure is today constituted of composite materials but it is not the case of the on-board electronic equipment packaging which is made of aluminum. To make this packaging lighter, new multifunctional composite materials need to be developed to replace aluminum while keeping its electrical and thermal evacuation capacities and mechanical properties in extreme conditions. Combination of carbon nanotubes (CNTs) and polymer matrix represents a promising alternative. CNTs are already used as reinforcement of polymers [1] , but the final products do not exhibit a real improvement in its electrical and/or thermal behavior, despite the remarkable properties of CNTs in terms of conductivity [2, 3] . This work aims to improve the electrical and thermal conductivities of CNTs, and consequently those of the final composite material, by a metallic deposition of a continuous film or of homogeneously dispersed nanoparticles on their inert surface.
The metallization of CNTs is rapidly developing but most often by liquid solution methods, such as electroless deposition or liquid impregnation [4] . To produce in mass metallized CNTs, such technics would rapidly lead to large volumes of liquid effluents and then to strong environmental operating constraints and costs. Chemical Vapour Deposition (CVD) is a dry mode process which has been comparatively less studied for metallizing CNTs. Some works can however be found about the deposition of Pt [5] , Ni [6] or Cu [7] . Some metalloids (Si [8] ) and oxides (TiO 2 [9] and SnO 2 [10] ) have also been deposited. The Fluidized Bed (FB) technology ensures a good mixing of the powder by the fluidization gas and then is an excellent contactor to perform CVD on multi-walled CNTs (MWCNTs) entangled as micro-balls [8] . The FB-CVD process is today the most efficient route to industrially produce MWCNTs by catalytic CVD [11] . So, developing a FB-CVD process for metallizing MWCNT balls would be economically and environmentally very interesting. To the best of our knowl-edge, no work has been published about metal deposition on CNTs by FB-CVD.
Whatever the deposition method, the metals bind only weakly to the nanotube surface due to its chemical inertness [6] . Oxidation of CNTs by exposure to concentrated acids, in particular nitric acid (HNO 3 ), is a popular functionalization method to increase their surface reactivity at the lab-scale [12] . Hydroxyl (C-OH), carbonyl (C=O) and/or carboxyl (O=C-OH) chemical groups can thus been formed, which additionally improves CNTs dispersion and interfacial behaviour with various polymer matrices [13] . However, the liquid wastes generated from these wet oxidation processes together with the tedious purification procedures would greatly limit their further development for industrial application [13] . Some works about gas phase oxidation of CNTs have been performed using either air [14, 15] or nitric acid vapours [16] [17] [18] at high temperature leading to mitigated results: the CNTs were structurally damaged or for worse partially burnt. The gas-phase oxidation from ozone (O 3 ) is an environmental friendly and low cost route to form oxygen containing groups on the CNTs surface, even for mass production. Vennerbeg et al. [12] have successfully oxidized MWCNTs by an ozone/oxygen mixture in a lab-scale fluidized bed (containing 1 g of CNTs). After only a few tens of minutes of treatment, significant levels of oxidation (8 at.% O) were achieved with little damage to the nanotube sidewalls. Exposures of 60 min led to the formation of mainly carboxylic acid groups.
Iron is the first metal selected to coat MWCNTs in this study. It has good thermal (80.2 Wm -1 K -1 ) and electrical (9.93x10 6 Sm -1 ) conductivities. Among the possible CVD precursors, iron pentacarbonyl Fe(CO) 5 presents a quite high volatility and is known to produce pure iron deposits [19, 20] , but this precursor is highly toxic. This is the reason why it has not been chosen for our study. Iron trichloride FeCl 3 presents a low volatility, needs high temperature (>600 °C) to form iron films, and forms corrosive byproducts [20] . A previous study of our group [21] aimed to deposit iron on alumina powders by FB-CVD. Two iron precursors have been compared, iron acetylacetonate Fe(C 5 H 7 O 2 ) 3 or Fe(acac) 3 and ferrocene Fe(C 5 H 5 ) 2 . Various operating parameters have been tested, in particular two oxidative atmospheres, N 2 +air and N 2 +H 2 O vapor. The purest iron oxide deposits have been obtained using ferrocene under N 2 +air, the deposits from iron acetylacetonate being always carbon contaminated. Moreover, ferrocene presents a higher volatility than Fe(acac) 3 , it is stable in air and non-toxic, quite cheap and easy to sublimate to form stable vapour to feed the CVD reactor [22] . This explains why we have chosen to work with ferrocene. This precursor is also known to form carbon nanotubes [23, 24] , but this formation can be controlled by modifying the reactive atmosphere. The addition of H 2 is known to highly limit the formation of carbon products [25, 26] . As previously said, Philippe [21] has succeeded in depositing pure iron oxide films using ferrocene under N 2 +air. In a second step, these iron oxide films have been reduced under H 2 at high temperature to form iron films.
In this framework, the present study aims to develop and optimize the FB-CVD process in order to uniformly coat the outer surface of MWCNTs by iron using ferrocene as precursor. Pristine and O 3 treated MWCNTs have been studied in either inert (N 2 ) or oxidant (air) or reductive (H 2 ) CVD atmospheres.
Experimental
Our experimental set up is presented in Fig. 1 and consists in a vertical stainless steel FB-MOCVD reactor (internal diameter of 8.3 cm and 1 m in height; reference (1) in Fig. 1 ) heated by a two-zone external furnace (2) . At the bottom, a perforated steel plate (3) provides a homogeneous gas distribution. A high performance HEPA13 filtration cartridge (4) is mounted before the exhaust of the reactor to collect any elutriated particle. The ferrocene (Strem Chemicals) is used as received. It is loaded in a sublimator (5) placed in a thermostated oil bath and connected to the reactor entrance by a thermostated gas line. Gases (N 2 , air and H 2 ; Air Liquide) as well as ferrocene vapours are carried out to the bottom of the reactor. All of the gas lines are heated by silicon heater bands at the same temperature as the precursor sublimator to avoid any ferrocene condensation. Gas flows are controlled by mass flow meters (FC-7700 type; Aera) except for air which is controlled by a ball rotameter (GT1355; Brooks Instrument). A differential pressure sensor (Unik5000; Druck Ltd.) measures the total pressure drop across the MWCNTs bed. An absolute pressure sensor (PR21; Keller) allows monitoring the total pressure below the distributor. Temperature is monitored by several K-type thermocouples: three in a small tube along the vertical axis of the reactor to check the MWCNT bed isothermicity, two on the outer reactor walls to control the temperature furnace and one into the sublimator. The ozone generator (Lab2B, Ozonia) is connected to the bottom of the FB-CVD reactor and is fed with oxygen (Oxygen Alphagaz, Air Liquide), ensuring an ozone concentration of 10 gh -1 for a total gas flow rate of 10 slm. All the experiments are performed at atmospheric pressure.
Multi-walled carbon nanotubes (GRAPHIS-TRENGTH® C100; ARKEMA) are tangled in spherical balls of 388 µm in Sauter diameter and look like black powder. Some amorphous carbon is present onto the walls and internal defects (compartments) are visible (Fig. 2) . The wall number is between 5 and 15 and the external diameter between 7 and 15 nm. Their catalytic iron content is of 5.8 wt%. Their minimum fluidization velocity U mf measured at ambient temperature under N 2 is equal to 1.2 cm s -1 . MWCNTs were analysed before and after ozone pretreatment and CVD by several characterization techniques. Thermogravimetric analysis (TGA) is performed in a thermobalance Q600 (TA Instrument) with a 10 °Cmin -1 ramp from room temperature to 1300 °C (estimation of the deposit mass) and to 1000 °C (qualitative analysis of the O 3 pre-treatment influence) under air and N 2 respectively. The powder morphology was observed by field emission gun scanning electron microscopy (FEG-SEM) on a Jeol JSM-7100F associated to an energy dispersive X-ray (EDX) detector (X-MAX N Oxford Instrument) and high resolution transmission electron microscopy (HRTEM) using a CM30 (Philips), LaB 6 gun and operated at 150 kV to minimise damaging irradiation effects. X-ray diffraction (XRD) results were obtained using a D8-2 (Drucker) with a monochromatic Kα copper (Cu) source (λ = 1.5418 Å). The operating conditions tested are detailed in Table 1 . 100 g of MWCNTs were used for each experiment, corresponding to a ratio between the fixed bed height and the reactor diameter of 2.3. Such a ratio is necessary to ensure good thermal transfer between the reactor walls and the FB and then isothermal bed conditions which are well-suited for thermal CVD. The aim of the ozone treatment and of the CVD of iron is to uniformly treat the whole outer surface of MWCNT balls, i.e. to operate in kinetically-limited regime: the mass transport step of the reactive molecules through the porous media constituted by the bed and the MWCNTs balls must be more rapid than the chemical heterogeneous reaction step. The existence of this regime depends on numerous parameters, in particular the kinetics of the heterogeneous reactions, the surface reactivity of the powder and the operating conditions chosen. These parameters are difficult to a priori know for the present work. The ferrocene initial weight placed in the sublimator was fixed to 85 g. TGA results under N 2 are presented in Fig. 3 . The raw nanotubes are quite stable at temperatures up to 550 °C under N 2 . As observed by Kim and Min [13] , the ozone treatment decreases the thermal stability of MWCNTs. The higher is the treatment duration, the lower is their thermal stability. After 1 h, the weight loss at 550°C is of 1.5 %, after 3 h, it reaches 2.1 %, whereas it stabilizes from 9 h at 4 %. These values are lower than those obtained by Kim and Min [13] . Vennerberg et al. [12] obtained up to 8 at% of grafted O in only 60 min, but both groups of authors use a larger concentration of O 3 per mass unit of CNTs. The weight loss observed is due to the escape of CO 2 gas produced during the oxidation of CNTs [13] . The analysis of the nature of the grafted functional groups is in progress using FT-IR and X-ray photoelectron (XPS) spectroscopies. The influence of ozonation on the MWCNTs structure has been analysed by HRTEM (Fig. 4) . Only the MWCNTs treated during 20 h present external defects on their surface and amorphous carbon disappeared. For the shorter durations, no modification of the nanotube structure has been observed. 
Iron deposition under inert atmosphere with and without pre-treatment Without pre-treatment.
The target percentage of deposited Fe was of 10 g Fe/100 g MWCNTs in order to obtain reliable information from the various characterizations performed. Consequently, the ferrocene powder (85 g) was heated to 155 °C in the sublimator, leading to an inlet molar fraction of ferrocene close to 2.3%. The average bed temperature was fixed to 650 °C (see Table 1 ), higher than in the literature reports [23] [24] [25] [26] [27] for a better decomposition of the precursor. The total fluidization flow rate was of 5 slm, corresponding to a fluidization ratio U/U mf of 4.
The experimental results are detailed in Table 2 . Three different mass balances allow determining the gain in mass of the bed. The first one corresponds to a weighing of the bed before and after CVD. The second one consists in calculating the theoretical maximum iron mass which can be deposited onto the bed from the mass of sublimated ferrocene. The third one considers the pressure drop difference (ΔP) between the beginning and the end of deposition, knowing that if the bed remains conveniently fluidized, ΔP is equal to the bed weight per column surface area. Table 2 indicates that from bed weighing and ΔP, the gain in mass is equal to 57 g and 54 g respectively whereas from the precursor weighing, it is of 19.7 g. The good agreement between the two first balances means that the bed remained conveniently fluidized all along the deposition process. This was confirmed by the good isothermicity of the FB during deposition. The difference with the precursor balance implies that the deposit is not pure iron: about 34 to 37 g of the deposit could be formed of carbon or less importantly of oxygen (from ambient air) or hydrogen. 
(a) (b)
TGA analyses under air (Fig. 5) show that 8.5 wt% of the bed is formed of iron (the initial iron catalyst mass (5.8 wt%) being removed). The target of 10 g Fe/100 g MWCNTs is almost reached. For the three iron deposition curves, the mass loss between 450 and 630 °C is due to the oxidation of the defects at the surface of the nanotubes and then to the nanotubes themselves. As Kim and Min [13] said, CO 2 is produced from O 2 and C of air and nanotubes respectively in higher quantity than for the TGA performed in inert atmosphere (Fig. 3) . The small mass gain (~4 wt%) between 350 and 450 °C represents the oxidation of iron in Fe 2 O 3 [28] . The remaining 21 to 26 w%, assumed to be Fe 2 O 3 , has allowed to calculate the iron weight percentage in Table 2 .
HRTEM observations show that the deposit occurred under the form of discrete particles whose size ranges from 50 to 500 nm (Fig. 6a) . These particles are distributed everywhere in the MWCNT tangles but they have not uniformly covered the nanotube outer walls, as found by other authors about CVD of metals on CNTs [5] [6] [7] . They are covered by carbon layers and some of them have catalysed the post-formation of large, highly defective carbon nanofibers (CNFs) and nanotubes whose diameter is related to particle size, or alternatively are embedded in graphitic carbon shells (Fig. 6b) . Ferrocene is indeed well-known to be a precursor of both iron and carbon nanomaterials [24] . The particles could then be saturated with carbon forming Fe 3 C and leading to CNF or CNT formation by CVD [29] . EDX cartography presented in Fig. 7 , shows that iron is uniformly distributed both outside and inside the MWCNT balls, meaning that the kinetically-limited regime was reached under the conditions tested. XRD analyses are presented in Fig. 8 . The pristine MWCNT pattern shows three structural phases which are characteristic of the raw carbon nanotube material: 002 C and 004 C at 2θ = 25.8° and 51.7, respectively, which corres- pond to the first and second orders diffraction spots related to the inter-graphene stacking distance, and the 100 C and 110 C at respectively 42.7° and 78.2° which correspond to the in-plane periodicities of graphenes when stacked turbostratically. Hence, these peaks represent the chaotic tangle of the pristine MWCNTs observed by FEG-SEM previously. Still in the raw MWCNT pattern, two light shoulders could be attributed to iron and iron oxide signal (2θ = 44.5° and 48.5-49°, respectively): they originate from the initial catalyst used for the nanotube growth [8, 11] . The XRD pattern of the MWCNTs after CVD (inert atmosphere) reveals new peaks related to Fe 3 C at 2θ = 37.7°, 43.7° and 58° in accordance to the ICSD database. Additionally, iron signals at 44.5° and 49° form well-defined peaks. So, the deposit corresponds to a mixture of amorphous and structured carbon, pure iron and of iron carbide. With pre-treatment. O 3 -treated MWCNTs were submitted to the same CVD conditions. The mass balances led to similar results: the masses of 52.5 g and 55.2 g were respectively deduced from MWCNTs weighing and ΔP whereas the precursor mass balance gives 22 g, confirmed by TGA analysis (Fig. 5) . The Fe percentage deduced from TGA analysis is equal to 10.7 wt% (the initial iron catalyst content being removed) which means that the target of 10 g Fe/100 g MWCNTs is reached. So, the O 3 treatment has increased by 2.2 % the mass of deposited iron. EDX analysis (not shown) indicates that iron is uniformly distributed everywhere in the MWCNT balls meaning that the kinetically-limited regime is still in place. HRTEM micrographs (Fig. 9) show the presence of amorphous carbon in larger amounts than before CVD. Indeed amorphous carbon is visible both around the deposited nanoparticles and on the MWCNTs outer walls and CNFs are still formed from the iron nanoparticles. The formed nanoparticles are still not covering the whole MWCNTs outer surface. They are smaller (10 to 100 nm) and at the HRTEM scale, more homogeneously distributed than those observed for pristine MWCNTs, which could be a possible positive effect of ozonation on the deposition. Indeed, ozonation could increase the number of nucleation sites by grafting oxygen containing groups on the outer MWCNT surface. The change of the MWCNT surface after ozonation seems to also modify the nature of the deposit in forming more amorphous carbon on the outer surface of MWCNTs, and maybe less carbon-contaminated iron nanoparticles. XRD and XPS analyses are in progress to confirm this point. This amorphous carbon could be partly responsible of the difference between the mass balances.
3.3
Iron deposition under oxidative atmosphere without pre-treatment. The addition of air in the gas stream (30/70 vol% ratio of N 2 /Air) aims to activate the decomposition of ferrocene in order to increase the deposit nucleation on the nanotube surface. If iron oxide nanoparticles would be deposited on the MWCNTs, they could be reduced after CVD to form iron nanoparticles. It has already been shown that MWCNTs can be burnt above 600 °C under oxidative atmosphere [30] . Thus, the temperature was decreased down to 450 °C. The other parameters remained unchanged (see Table 1 ).
Despite this precaution, half of the initial MWCNTs weight was oxidized and consumed during the experiment. The precursor mass balance gives 20.7 g of iron (see Table  2 ), showing the good reproducibility of the sublimation device. FEG-SEM micrographs show that the remaining MWCNTs balls are covered by a 10 µm thick shell of deposit (Fig. 10a) . As observed by Philippe et al. [11] , the EDX cartography (Fig. 10b ) reveals that this shell is mainly constituted of iron and oxygen and the XRD pattern (Fig. 8, top) confirms that it is hematite (Fe 2 O 3 ) (in accordance with the ICSD database). The core of the MWCNT balls is relatively depleted in iron. This indicates that the kinetically-limited regime was lost. A transport-limited regime has taken place instead: the activation of the heterogeneous chemical reactions by air was too intense and the reactivity of the MWCNT surface too low to lead to a uniform coating of each nanotube outer surface by iron oxide nanoparticles. 
3.4
Iron deposition under reductive atmosphere with pre-treatment A N 2 /H 2 mixture was studied in order to prevent the formation of carbon nanofibers and of amorphous carbon previously observed for the experiments under inert atmosphere with O 3 -MWCNTs. It was previously shown that hydrogen is necessary to create MWCNTs but for a concentration higher than 23-27 vol%, the formation of carbon nanotubes is inhibited [25, 26] . Our N 2 /H 2 ratio was equal to 33/67 (vol%). The decomposition temperature of ferrocene under hydrogen is lower than under inert atmosphere [31, 32] . Consequently, the temperature for this run was decreased down to 550°C.
The mass balances deduced from MWCNT weighing and ΔP are lower than for run 2: 37.8 g and 35.9 g respectively whereas the precursor mass balance gives 19.4 g of iron. The Fe percentage deduced from TGA analysis is close to 8.3 wt% (the initial iron catalyst content being removed. So, these operating conditions reduce both the deposited weight and iron percentage in comparison with run 2. HRTEM micrographs reveal the influence of H 2 ( Fig.  11 ): amorphous carbon is still present around the deposited nanoparticles but it is now absent on the MWCNTs outer walls contrarily to run 2 under inert atmosphere. Moreover, the deposited nanoparticles are smaller than previously (size ranges between 20 and 50 nm). Although covered by carbon layers, they do not form anymore nanofibers. But they are, at the HRTEM scale, less numerous and less uniformly distributed. The presence of hydrogen and the lower temperature of deposition then reduce both carbon and less markedly iron deposition. Thus, the H 2 addition in the gas stream seems to have inhibited the formation of amorphous carbon and CNFs, as observed in the literature [25, 26] .
Conclusion
The fluidized bed CVD process was studied in order to uniformly decorate the outer surface of MWCNTs by iron deposits in a lab-scale reactor treating 100 g of nanotubes per run. An ozone treatment was also tested in the same fluidized bed reactor in order to increase the surface reactivity of nanotubes. TGA analyses reveal that oxygenated functions were grafted onto the surface of the MWCNTs in amounts proportional to the treatment duration, with a plateau observed from 9 h of treatment. After 20 h of ozonation, external defects were created on the surface of MWCNTs. Under N 2 /ferrocene atmosphere, for the pristine and O 3 -treated MWCNTs, the deposition occurs under the form of discrete particles uniformly distributed within the MWCNT balls. The ozone treatment increases the mass of deposited iron and the number of deposited nanoparticles and also decreases the size of the deposited nanoparticles. This means that the ozonation increases the surface reactivity of the MWCNTs and the nucleation sites but not enough to uniformly cover the nanotube outer surface. Air was added to ferrocene in order to activate iron nucleation. A partial loss of the bed was observed at 450°C and Fe 2 O 3 shells were formed around the remaining MWCNT balls. Hydrogen was finally tested mixed to ferrocene at 550 °C, leading to less numerous nanoparticles deposited and also to less deposited amorphous carbon, without improving the surface coverage of the MWCNTs. The main concern of the future works will be to increase much more markedly the surface reactivity of the MWCNTs. A possible way is to pre-treat MWCNTs by CVD of TiC [6] . Another way is to add water (H 2 O) vapour during the ozone pre-treatment [33] . Indeed, combined with O 3 at room temperature, water vapour seems to create HO . radicals and highly accelerate the ozonation [33] . Water vapour could also be added to ferrocene during iron deposition to eliminate carbon contamination [22] . The corresponding FB-CVD process on MWCNTs is under development.
